INTRODUCTION
============

Over the last decade, interest in platycodin saponins has been renewed due to the discovery of their novel pharmacological potential for treating adult diseases such as hyperlipidemia, hypertension, diabetes, and obesity ([@b1-pnf-19-059],[@b2-pnf-19-059]). Recently, *Platycodon grandiflorum* (PG) extract and some of the major components of PG, such as platycodin D (PD) and platycodin D3, have been found to have diverse pharmacological activities, including anti-inflammatory activity ([@b3-pnf-19-059],[@b4-pnf-19-059]), anti-allergy activity ([@b5-pnf-19-059]), the ability to augment immune responses ([@b6-pnf-19-059]), the ability to stimulate apoptosis in skin cells ([@b7-pnf-19-059]), antiobesity and hyperlipidemia effects ([@b2-pnf-19-059],[@b8-pnf-19-059]), and a protective effect against oxidative hepatotoxicity ([@b9-pnf-19-059]).

PG roots (Platycodi Radix, PR) contain a mixture of different chemical compounds that may act individually, additively, or in synergy to improve human health. The main bioactive components of PR are platycodin saponins. PG \[i.e., balloon flower (English), doraji (Korean), kikyo (Japanese), jiegeng (Chinese)\], which belongs to the Campanulaceae family, is used as a herbal medicine and as a food in Asia. In Korea, the 2001 annual domestic consumption of the plant as a food material was estimated to be over 4,000 tonnes ([@b10-pnf-19-059]). PG roots are typically used when preparing Korean salad, cold soup, dried or fried vegetables, vegetables soaked in traditional Korean sauces, and mixed vegetables with spices. PG roots can also be pan fried and served alone.

In Korea, PG roots that have been cultivated for 4 years are used to treat bronchitis, asthma, pulmonary tuberculosis, diabetes, and inflammatory diseases ([@b11-pnf-19-059],[@b12-pnf-19-059]). In traditional Chinese medicine, PG is used as an expectorant and antitussive to treat coughs, colds, sore throats, tonsillitis, and chest congestion. The applications of saponins include use as additives in the food and cosmetic industries, use as wetting agents in the agriculture and photography industries, and use as adjuvants in the pharmaceutical industry ([@b13-pnf-19-059]). The commercial significance, expanding applications, and increasing evidence of the health benefits of saponins have encouraged the development of processes that will allow for commercial-scale production of saponins from natural sources ([@b14-pnf-19-059]).

In many cases, the total triterpenoid saponins, rather than the pure components, are treated as the active ingredients in traditional herbal remedies. This may make the quality control of natural drugs difficult and complicate the search for potential new lead compounds ([@b15-pnf-19-059]) because modern allopathy is usually focused on developing a patentable single compound, or a magic bullet, that can treat specific conditions.

The antioxidant properties of plant extracts are of great interest due to their potential for use as natural replacements for synthetic additives. The antioxidant potential of functional foods attracts much attention because these foods are convenient and highly effective ([@b16-pnf-19-059]). Jeong et al. ([@b17-pnf-19-059]) confirmed that the butanol fraction of the aerial parts of PG has strong antioxidant activities that are correlated with its high concentration of phenolic compounds, particularly luteolin-7-O-glucoside and apigenin-7-O-glucoside. Ryu et al. ([@b16-pnf-19-059]) found that saponins isolated from PG roots have potent antioxidant activities that differ according to the structure of the aglycones and the number of attached sugar residues, suggesting that the antioxidant activity of PG accounts for its beneficial effects against oxidative stress. While there is little published information available regarding the antioxidant activity of single saponins isolated from PG, some triterpenoid saponins and their glycosides have been isolated from PG and are reported to have antiproliferative activities in human tumor cells and protective effects against ischemia/reperfusion injury ([@b10-pnf-19-059]). This paper reviews the biological activities of platycosides and methods for their purification and analysis.

CHEMICAL CONSTITUENTS OF *P. grandiflorum*
==========================================

The roots of PG are reported to contain large amounts of carbohydrate (at least 90%), protein (2.4%), lipid (0.1%), ash (1.5%), and 24 kinds of triterpenoid saponins (e.g., platycodin A, platycodin C, platycodin D, platycodin D2, polygalacin D, and polygalacin D2) (about 2%) ([@b18-pnf-19-059]). The carbohydrates present in PG are monosaccharides (e.g., glucose, fructose), disaccharides (e.g., saccharose), trisaccharides (e.g., kestose), and some polysaccharides (e.g., inulin, platycodin). Our study established that PG roots also contain relatively small amounts of phenolics.

PLATYCOSIDES FROM ROOTS OF *P. grandiflorum*
============================================

Platycosides are saponins of PG. Saponins are a diverse group of compounds found in many plants, which are characterized by their structure containing a triterpene or steroid aglycone and one or more sugar chains. Glucose, galactose, glucuronic acid, xylose, and rhamnose are commonly bound monosaccharides. Saponins are polar in nature. Thus, they are freely soluble in water, but insoluble in nonpolar solvents. Saponins have a diverse range of physical, chemical, and biological properties because of their structural complexity. They are usually amorphous substances with high molecular weights. Due to the presence of a lipid-soluble aglycone and a water-soluble sugar chain in their structure, saponins are surface active compounds with detergent, wetting, emulsifying, and foaming properties. Saponins are classified as triterpenoid saponins or steroid saponins on the basis of their aglycone structure. Most triterpenoid saponins are derivatives of one of the triterpenes (e.g., oleanane, ursane, lupane), while steroid saponins generally possess a typical steroid skeleton with 2 extra rings: E, a furan structure and F, a pyran structure.

Many saponins have hemolytic properties and are toxic to cold-blooded animals, especially fish ([@b19-pnf-19-059]). The steroidal saponins are important precursors for steroid drugs, including anti-inflammatory agents, androgens, estrogens, and progestins. The triterpene saponins exhibit various pharmacological activities, including anti-inflammatory, molluscicidal, antitussive, expectorant, analgesic, and cytotoxic effects. In general, saponins have a variety of biological effects, including antioxidant, immunostimulant, antihepatotoxic, antibacterial, anticarcinogenic, antidiarrheal, antiulcerogenic, antioxytocic, hypocholesterolemic, anticoagulant, hepatoprotective, hypoglycemic, neuroprotective, and anti-inflammatory activities. In addition, saponins are useful for the treatment of diabetic retinopathy, the inhibition of dental caries, and the prevention of platelet aggregation ([@b14-pnf-19-059],[@b20-pnf-19-059]). Notably, saponins can also activate the mammalian immune system, which has led to significant interest in their potential as vaccine adjuvants ([@b21-pnf-19-059]). As adjuvants, saponins stimulate the production of high levels of antibody against T-dependent and T-independent antigens; the induction of mouse IgG1, IgG2b, and IgG2a isotypes; and the induction of cytotoxic T lymphocyte responses ([@b22-pnf-19-059]).

Platycosides are typically composed of an oleanane backbone with two side chains: a glucose unit attached by an ether linkage at the C-3 position of the triterpene and an ester linkage between C-28 and arabinose ([@b23-pnf-19-059]). Hydrolysis of PG saponins yields an aglycone known as "sapogenin". Several substituents (i.e., methyl groups, carboxyl groups, and hydroxymethyl groups) have been identified at the C-4 position of the platycoside backbone ([@b24-pnf-19-059]).

To date, more than 30 saponins, including deapi-platycodin D (dPD) and PD, have been discovered and identified in PG ([@b25-pnf-19-059],[@b26-pnf-19-059]). In addition, ten major triterpenoidal saponins have been identified in PR, including deapi-platycoside E, platycoside E, deapi-platycodin D3, platycodin D3, dPD, PD, polygalacin D, 3″-O-acetyl polygalacin D, platycodin A, and 2″-O-acetyl polygalacin D ([@b27-pnf-19-059]) ([Fig. 1](#f1-pnf-19-059){ref-type="fig"}).

The contents and types of platycosides isolated during extraction depend on the method used and the mode of PR cultivation ([@b23-pnf-19-059]). For example, the major saponins reported by Ha et al. ([@b15-pnf-19-059]) were platycoside E, PD, and polygalacin D, whereas the major saponins found by Saeki et al. ([@b28-pnf-19-059]) in commercial, botanical, and wild samples were platycodin A, platycodin C, and PD. Yan et al. ([@b29-pnf-19-059]) determined the composition of platycosides in 11 specimens of PG harvested from different locations in Korea and China. Deapio-platycoside E, platycoside E, platycodin D3, platyconic, platycodin D2 and platycodin were found in all PG specimens, but the content of each platycoside varied depending on petal color (i.e., white or blue) and geographical location of the PG plant. Saponin concentrations were higher in blue flowered PG than in white flowered PG ([Table 1](#t1-pnf-19-059){ref-type="table"}).

BIOLOGICAL ACTIVITIES OF PLATYCOSIDES
=====================================

Studies demonstrating the physiological, immunological, and pharmacological properties of platycosides have generated considerable clinical interest in these substances. Platycodin saponins are responsible for a variety of biological effects, including anti-inflammation, anti-allergy, and anti-tumor activities. Platycodin saponins can also augment the immune response and stimulate apoptosis in skin cells ([@b30-pnf-19-059]--[@b33-pnf-19-059]).

There is great interest in the bioactivities and commercial use of platycosides, including dPD and PD ([@b24-pnf-19-059],[@b34-pnf-19-059]). PD is the major contributor to the biological activity and content of PG saponins. Several previous studies have reported that the bioactivities of PD, the major component of platycosides, are superior to those of other saponins ([@b8-pnf-19-059],[@b23-pnf-19-059],[@b35-pnf-19-059]--[@b37-pnf-19-059]). PD is abundant in PR and has been used as an indicator in quality evaluations and in pharmacological research.

PD consists of an aglycone with one unbranched sugar chain (one monosaccharide residue) attached to C-3, one unbranched sugar chain (four monosaccharide residues) attached to C-28, and no acetyl domain ([Fig. 1](#f1-pnf-19-059){ref-type="fig"}). This saponin is well known as a potent triterpenoid saponin with various pharmacological activities.

The most widely used saponin-based adjuvants are Quil A and its derivative, QS-21. Quil A and QS-21 are isolated from the bark of *Quillaja saponaria* Molina. Both adjuvants have been evaluated in numerous clinical trials ([@b21-pnf-19-059]). The unique capacity of Quil A and QS-21 to stimulate both the Th1 immune response and the production of cytotoxic T-lymphocytes against exogenous antigens makes them ideal for use in subunit vaccines, vaccines directed against intracellular pathogens, and therapeutic cancer vaccines. However, *Quillaja* saponins have serious disadvantages, including high toxicity, an undesirable hemolytic effect, and instability in an aqueous phase, which limits their use as vaccine adjuvants ([@b21-pnf-19-059]). These disadvantages have driven the search for other natural sources of saponin-based adjuvants. The use of PD as an adjuvant has several advantages over the use of QS-21. For example, PD is less hemolytic and is very stable in aqueous solutions. Furthermore, plant resources from which PG are obtained are readily available.

Antioxidant activity
--------------------

In the body, excessive accumulation of reactive oxygen species, such as superoxide anions, hydrogen peroxide, hydroxyl radicals, and peroxynitrite radicals, can lead to cumulative protein, lipid, and DNA damage, resulting in oxidative stress. Oxidative stress has been implicated in a wide variety of pathological processes, including cancer, diabetes mellitus, steatohepatitis, atherosclerosis, neurological degeneration, and inflammatory diseases.

Ryu et al. ([@b16-pnf-19-059]) used the total oxidant-scavenging capacity (TOSC) assay to investigate the antioxidant activity of 5 platycosides. The results of their study indicate that PG saponins have potent antioxidant activities that differ according to the structure of the aglycones and the number of attached sugar residues. Specific TOSC (sTOSC) values were obtained from the slope of the linear regression lines for the TOSC curves. PD exhibited the highest antioxidant activity against peroxyl radicals (324.4±31.4 TOSC/mM), followed by polygalacic acid (aglycone form, [Fig. 2](#f2-pnf-19-059){ref-type="fig"}) (229.0±30.2 TOSC/mM), platycodigenin (aglycone) (199.1±43.2 TOSC/mM), deapioplatycosides E (162.3±24.5 TOSC/mM), and platycoside E (117.3±43.9 TOSC/mM). The sTOSC values of all of the platycosides tested were lower than that of the glutathione (GSH) control (378.0±66.9 TOSC/mM).

TOSC values of platycodigenin, deapioplatycoside E, PD, and platycoside E against peroxynitrite were 2.35-, 1.27-, 1.02-, and 0.75-fold that of GSH, respectively. Polygalacic acid did not exhibit any scavenging capacity against peroxynitrites. All platycosides studied, except for platycodigenin, exhibited weak peroxynitrite-scavenging capacities, compared with their peroxyl radical-scavenging capacity. Despite the fact that the antioxidant capacities of pure platycosides against peroxyl radicals are lower than that of GSH, platycosides do have beneficial effects against oxidative stress.

Antiproliferative effect on human tumor cells
---------------------------------------------

Platycosides can be used as anticancer agents. Anticancer agents play a curative role in a damaged system by triggering the apoptosis signaling system in cancer cells and inhibiting the proliferation of the cancer cells. Choi et al. ([@b10-pnf-19-059]) reported that saponins with a platycodigenin unit or a polygalacic acid unit ([Fig. 2](#f2-pnf-19-059){ref-type="fig"}) as a sapogenin demonstrated significant inhibitory effects on the proliferation of a small panel of cultured human tumor cells. Zhang et al. ([@b38-pnf-19-059]) reported that two new platycosides (i.e., 3-O-β-D-glucopyranosyl-2β,12α,16α,23,24-pentahydroxyoleanane-28([@b13-pnf-19-059])-lactone, 3-O-β-D-glucopyranosyl-(1→3)-β-D-glucopyranosyl-2β,12α,16α,23α-tetrahydroxyoleanane-28([@b13-pnf-19-059])-lactone) have cytotoxic activity against human ECA-109 cells. These two new platycosides had IC~50~ values of 0.649 μg/mL and 0.503 μg/mL, respectively. Lee et al. ([@b39-pnf-19-059]) reported that a 7:3 petroleum ether and ethyl ether mixture fraction of platycosides was highly cytotoxic against multiple human cancer cell lines (i.e., HT-29, HRT-18, and HepG2).

Antiobese and hypolipidemic effect
----------------------------------

Obesity is associated with complications such as coronary heart disease, diabetes, hyperlipidemia, and hypertension. PG is known to improve the insulin resistance and lipid profile of rats with diet-induced obesity ([@b40-pnf-19-059]). The saponins found in PG are reported to inhibit intestinal reuptake of bile acids and increase fecal excretion of bile acids, resulting in decreased serum cholesterol and blood lipid concentrations ([@b1-pnf-19-059]). Park et al. ([@b41-pnf-19-059]) reported that a PG extract significantly inhibited pancreatic lipase activity in a dose dependent manner. In addition, a 10 mg/mL dose of PG extract decreased pancreatic lipase activity by approximately 50%. Inhibition of pancreatic lipase activity by PG extracts results in decreased lipolysis and decreased absorption of dietary fat by the small intestine. Previous reports indicate that PD has a regulatory effect on cholesterol metabolism and an antioxidant effect on hyperlipidemic emulsion-reduced rats ([@b42-pnf-19-059]). These findings reveal that PD has potential for use as a therapeutic agent for the treatment of hyperlipidemia. Zhao et al. ([@b43-pnf-19-059]) found that platycosides had profound effects on the obesity control and lipid metabolism, resulting in a reduction of LDL-cholesterol in diet-induced obese rats. These findings suggest that platycosides have greater anti-obesity, hypolipidemic, and liver protective effects than previously thought. Both the *in vivo* and *in vitro* results from Zhao et al. ([@b37-pnf-19-059]) demonstrate the potential value of PD as a novel cholesterol-lowering and anti-atherogenic candidate.

Anti-allergic activity
----------------------

Allergy is a disorder of the immune system. Allergic reactions occur in response to normally harmless environmental substances known as allergens. An allergy is characterized by excessive activation of mast cells and basophils by a type of antibody known as IgE, resulting in an extreme inflammatory response ([@b44-pnf-19-059]). There are several allergic mediators, including interleukin-6 (IL-6), prostaglandin D2 (PGD2), leukotriene C4 (LTC4), β-Hexosaminidase (β-Hex), and cyclooxygenase-2 (COX-2). Oh et al. ([@b45-pnf-19-059]) reported that inhibition of phorbol 12-myristate 13-acetate (PMA)+A23187 by a PR ethanol extract induced the production of IL-6, PGD2, LTC4, β-Hex, and COX-2. These results indicate that platycosides have the potential to be used for allergy treatment.

Antimicrobial activities of *Platycodon grandiflorum*
-----------------------------------------------------

Lee et al. ([@b46-pnf-19-059]) investigated the antioxidant and antimicrobial activities of hot-water and methanol extracts of raw and black PG. The antimicrobial activities of PG extracts were studied against bronchus disease bacteria (i.e., *Mycobacterium* sp., *Staphylococcus aureus*, *Klebsiella pneumoniae*, *Corynebacterium diphtheriae*, and *Streptococcus pyogenes*) and food poisoning bacteria (i.e., *Escherichia coli* O157:H7 and *Bacillus cereus*). Black PG was prepared by steaming raw PG at 60°C for 15 days, followed by drying at 30°C for 3 h. The methanol extract from the black PG contained higher levels of total polyphenols than the methanol extract of the raw PG. The black PG hot-water extract had the highest total flavonoid concentration (7.94 mg QE/g). The black PG methanol extract had the highest radical scavenging activity. This was attributed to the high total polyphenol concentration of the black PG methanol extract. The hot-water extract of black PG exhibited higher antimicrobial activities than the methanol extract. This was attributed to the high total flavonoid concentrations in the processed PG. Zhang et al. ([@b47-pnf-19-059]) also reported a clear correlation between antimicrobial activities and the flavonoid contents of 30 ethanol plant extracts, a finding that is in agreement with the literature. To our knowledge, the role of saponins in the antimicrobial activities of PG extracts has not been fully studied.

Kim et al. ([@b18-pnf-19-059]) developed a pharmaceutical composition from PG root extract and/or PG saponin components. This product was useful as an antiviral agent for the prevention or treatment of hepatitis C. Because components of this invention are harmless to humans and inhibit the proliferation of the hepatitis C virus, this product can be used effectively as a preventive or a therapeutic agent for hepatitis C ([@b18-pnf-19-059]).

Neuroprotective activity
------------------------

Alzheimer's disease (AD), a progressive neurodegenerative disease, is a major health problem in developed countries. AD accounts for approximately 50\~70% of all types of dementia, followed by vascular dementia (30\~40%), mixed dementia (10±15%), and other dementing illnesses (10\~15%) ([@b48-pnf-19-059]). AD is associated with the accumulation of L-glutamate deposits in senile plaques and neurofibrillary tangle lesions in specific areas of the brain ([@b49-pnf-19-059]). Platycosides have the potential to be used as neuroprotective agents. Previously, fresh roots of PG were eaten as pickles to prevent NF-kappaB activity ([@b35-pnf-19-059]). NF-kappaB is a protein complex that controls the transcription of DNA and is understood to be responsible for cytokine production and cell survival. Ahn et al. ([@b35-pnf-19-059]) explored the effect of PD on the apoptosis of immortalized keratinocytes (HaCaT). The results of their study demonstrate that NF-kappaB activation plays a crucial role in the PD-induced apoptosis of human HaCaT cells. Son et al. ([@b49-pnf-19-059]) reported that an aqueous extract of PR had a neuroprotective effect against glutamate-induced toxicity in primary cultured rat cortical cells. Further investigations by the same group revealed that platycodin A had significant neuroprotective activities against glutamate-induced toxicity, exhibiting a cell viability of approximately 50% at concentrations ranging from 0.1 μM to 10 μM.

Metabolism and absorption of PG metabolites in the gastrointestinal tract
-------------------------------------------------------------------------

Platycosides can be converted into smaller and more active compounds that are easily absorbed by the human body. Despite the potent biological effects of platycosides, only a few studies characterizing human intestinal metabolism of platycosides have been conducted. These studies show that the metabolism of platycosides by intestinal bacteria may affect their bioavailability, their overall absorption in the gastrointestinal tract, and their biological activities *in vivo*.

Ha et al. ([@b24-pnf-19-059]) applied an HPLC electrospray ionizationtandem mass spectrometry (LC/ESI-MS^n^) approach to reveal the complex platycoside metabolites produced by human intestinal bacteria (bacteroides JY-6). Their findings indicate that the fermentation of platycosides using intestinal bacteria yielded 11 metabolites ([Fig. 3](#f3-pnf-19-059){ref-type="fig"}) that were small and relatively non polar. [Fig. 4](#f4-pnf-19-059){ref-type="fig"} shows the proposed metabolism pathway of platycosides in the human intestine. As shown in [Fig. 4](#f4-pnf-19-059){ref-type="fig"}, the transformation of platycosides in the intestinal tract involves the sequential loss of sugars linked to the aglycone at the C-3 and C-28 positions. Bacteroides transform PD into various metabolites by cleavage of the glucose attached to the C-3 position of the aglycone, followed by the sequential hydrolysis of the apiosyl, xylosyl, rhamnosyl, and arabinosyl sugars attached to C-28 of the aglycone. Acetylation of PD and its metabolites can occur at the aglycone, arabione, or rhamnose.

BIOTRANSFORMATION OF PLATYCOSIDES
=================================

Active platycosides are of great significance to the pharmaceutical industry. The aglycone moiety linked only with a 3-O-glycosyl chain (i.e., a platycoside without the 28-O-glycosyl chain) is called prosapogenin (PRS). Zhao et al. ([@b43-pnf-19-059]) reported that, in obese rats, PRS-D (i.e., PD without C-28 sugar residues) was associated with a 30% increase in pancreatic lipase inhibition, while C-28 sugar residues alone did not inhibit lipase. In addition, PD with short 28-O-sugar chains (e.g., dPD; dexyl-platycodin D) is reported to have increased biological activity.

The large-scale biotransformation of platycosides to more biologically active compounds is necessary to carry out pharmacological studies and to discover new medicinal drugs. Recently, a variety of methods, including mild acid hydrolysis, alkali treatment, and microbial conversion, have been applied to the preparation of platycosides ([@b50-pnf-19-059]). However, chemical methods inevitably produce side-reactions and environmental pollution ([@b51-pnf-19-059]). There is little published information on the use of microorganisms to produce PG metabolites by modifying PG saponins.

Wie et al. ([@b52-pnf-19-059]) used *Aspergillus niger* to modify platycosides, but these preparation processes were time-consuming and had a low selectivity and a low conversion rate. Enzymatic preparation methods have been proposed as an alternative to the above preparation methods. Because of their high specificity, yield, and productivity, enzymatic preparation methods have been implicated as the most promising method for the preparation of active constituents via the selective hydrolysis of the sugar moieties ([@b53-pnf-19-059]--[@b55-pnf-19-059]). Wie et al. ([@b52-pnf-19-059]) used an *A. niger* crude enzyme extract to transform PD to many partially degraded glycosides. Transformed PDs were isolated and subjected to various tests. One of the transformed PDs had a shorter C28 side chain and exhibited considerably reduced V79-4 cell (Chinese hamster lung fibroblasts) cytotoxicity, considerably reduced erythrocyte hemolytic toxicity, and increased nitrite-scavenging activity. In addition, the transformed PD sensory scores for pungency, bitterness, and aftertaste were better than those of PD. This confirms that biotransformation can yield metabolites with improved bioactivities, improved sensory values, and reduced toxicity. Ha et al. ([@b24-pnf-19-059]) reported that successful enzymatic transformation of platycosides (e.g., platycodin E and platycodin D3) can enrich PD in a complicated PG medicinal plant extract.

PURIFICATION AND ANALYSIS OF PLATYCOSIDES
=========================================

The separation of individual saponins is still complicated and time consuming ([@b56-pnf-19-059]). In most plant species, saponins occur as a multi-component mixture of compounds with similar polarities. For qualitative and quantitative analysis, crude extracts of PR must be purified. The isolated individual platycosides can be identified and characterized by nuclear magnetic resonance (NMR) and mass spectrometry (MS).

A common method for the preliminary purification of saponins following extraction involves partitioning saponins between aqueous extracts and a water immiscible solvent such as *n*-butanol ([@b57-pnf-19-059]). Partitioning is one of the simplest separation methods and is widely used as an initial extract purification step. Combinations of miscible and immiscible solvents are used to separate the phytochemicals making up the extract. This method relies on the ability of the components to dissolve in water or in an organic phase. Ethyl acetate and butanol are organic solvents that are commonly used in the purification of platycosides. First, ethyl acetate is used to extract relatively non-polar compounds present in the solution. Then, the water-saturated butanol solvent is used to remove the polar platycosides from the water solution. A rotary evaporator with a temperature of less than 40°C is commonly used to evaporate off the butanol solvent. The saponins are then dissolved in the appropriate solvents for further purification by open column chromatography and high performance liquid chromatography (HPLC).

Chromatography techniques have been instrumental in the separation of natural products. Thin layer chromatography (TLC) is one of the fastest and most widely used chromatographic techniques. TLC is used as a supporting technique in the analysis of saponin fractions obtained from column chromatography. TLC can also be used to confirm purity and to identify isolated compounds. This method employs glass or aluminum plates pre-coated with a sorbent (e.g. silica gel) of a thickness that can be modified to accommodate the amount of sample to be loaded. The compound mixture is loaded on the preparative or analytical plates about 1 cm from the bottom of the plate. Loaded plates are then lowered into a tank containing the solvent. The solvent migrates up the plates and separates the compound mixture according to the polarity of the components. Several reagents are available for visualization of the separated materials. Because this technique allows a large number of samples be analyzed or separated simultaneously, TLC has the advantage of being a highly cost-effective qualitative technique. Its drawbacks include poor detection, poor control, and poor elution.

The HPLC method of separation is very popular and is widely used for the analysis and isolation of bioactive natural products. The analytical sensitivity of this method can be enhanced by the type of detector used. UV detectors, such as photodiode array (PDA) detectors, enable the acquisition of the UV spectra of eluting peaks between 190 nm to 800 nm. The use of PDA UV detection is advantageous because it allows one to detect compounds with poor UV characteristics. This is particularly useful in the analysis of natural products such as terpenoids or polyketides, which may not necessarily have chromophores that will rise to a characteristic UV signature.

HPLC is the pharmaceutical industry's method of choice for analyzing most natural products. However, the high cost of this machine and its consumables are the major drawback of this method. Normal HPLC and reversed-phase HPLC (RP-HPLC) are frequently used for the separation, identification, and purification of saponins. However, RP-HPLC provides the best separation of saponins. This technique is rapid, selective, and highly sensitive. A variety of stationary and mobile phases can be used to separate saponins by HPLC. PR saponins have been separated and quantified by HPLC with a evaporative light scattering detector (ELSD), a C~18~ column, and an aqueous acetonitrile gradient mobile phase ([@b15-pnf-19-059]). Most studies concerned with triterpene saponins prefer HPLC-ultraviolet (UV) chromatographic conditions with a C~18~ column and an aqueous acetonitrile gradient mobile phase for the separation of PD ([@b56-pnf-19-059]).

Saponins are usually difficult to detect by HPLC-UV because most lack a strong UV chromophore ([@b58-pnf-19-059]). Generally, after separation by a reversed-phase C~18~ column, saponins are monitored at a lower UV wavelength (from 200 to 210 nm). Because saponins require lower UV wavelengths for detection and acetonitrile has a lower absorbance at these wavelengths than methanol, acetonitirile-water gradients are the mobile phase of choice for HPLC-UV detection of saponins ([@b59-pnf-19-059]).

POTENTIAL RISKS OF PHYTOMEDICINE ON HEALTH
==========================================

Recent publications have highlighted severe negative side effects of certain herbal products ([@b60-pnf-19-059],[@b61-pnf-19-059]). These side effects may occur through several different mechanisms, including direct toxic effects of the herbs, effects of contaminants, and interactions with drugs or other herbs. Side effects may also occur due to contamination of herbal products by heavy metals, including lead, mercury, and arsenic, or other undeclared pharmaceuticals that are purposefully and illegally added to the herbs to produce a desired effect ([@b62-pnf-19-059]). There is limited information available regarding the safety of PG medicinal plants and platycosides for clinical use. In a single oral dose toxicity test of PD in mice, Lee et al. ([@b63-pnf-19-059]) reported that up to 2,000 mg of PD/kg could be administered to female and male mice without causing treatment related mortality, abnormal clinical signs, significant changes in body or organ weights, or meaningful histopathological changes in 14 principle organs. They concluded that the LD~50~ (50% lethal dose) and the approximate LD of a single oral treatment of playtcodin D in female and male mice was over 2,000 mg/kg. The Korean Food and Drug Administration (KFDA) ([@b64-pnf-19-059]) guidelines indicate that the maximum platycodin D dosage recommendation is 2,000 mg/kg.

CONCLUSION
==========

This review reveals that platycosides have numerous health benefits and the potential to be used as a remedy against a number of the major health hazards (e.g., cancer, obesity, and alzheimer's) faced by many countries. However, a lot of work still needs to be done to explore and confirm some of the claimed health benefits of PG saponins and to develop commercially feasible procedures that can address the processing challenges posed by the complex nature of PG saponins.
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![The proposed structure of platycoside metabolites transformed by human intestinal bacteria. Rha, α-L-rhamnose (pyra-nose); Ara, α-L-arabinose (pyranose); Xyl, β-D-xylose; Api, β-D-apiose (furanose); Ac, acetyl. Ha et al. ([@b24-pnf-19-059]).](pnf-19-059f3){#f3-pnf-19-059}
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###### 

Saponin content of blue and white balloon flowers Yan et al. ([@b29-pnf-19-059])

  No[1)](#tfn1-pnf-19-059){ref-type="table-fn"}   Flower color   Saponin (μg/g)                                                       
  ----------------------------------------------- -------------- ---------------- ------------ ------------ ------------ ------------ ------------
  1                                               Blue           73.1±5.2         309.8±32.6   67.2±6.3     182.4±20.3   96.8±11.3    441.5±39.5
  2                                               71.7±8.1       249.8±21.8       65.1±5.3     272.7±24.8   104.9±12.5   555.5±62.2   
  3                                               91.3±8.3       138.4±11.6       56.7±6.2     240.1±27.1   76.7±8.4     457.5±50.8   
  4                                               31.5±2.5       115.2±10.3       43.1±3.6     174.2±15.8   80.9±6.9     371.4±34.6   
  5                                               38.4±3.2       144.8±15.2       40.2±3.9     197.7±21.8   117.9±12.6   533.2±47.3   
  6                                               40.2±3.7       148.4±15.6       46.9±4.7     190.9±17.5   93.1±10.4    401.6±37.1   
  7                                               White          36.4±4.4         139.2±12.9   37.0±3.4     140.8±12.4   56.0±8.2     255.8±31.6
  8                                               35.7±4.2       103.7±9.4        44.8±5.1     169.6±17.8   58.2±5.6     323.1±36.2   
  9                                               30.8±2.8       110.2±10.7       39.9±4.3     152.2±13.6   50.1±4.8     258.7±23.5   
  10                                              41.1±3.7       116.5±12.5       42.4±3.8     204.2±18.5   68.7±7.4     410.6±38.4   
  11                                              27.0±2.3       134.8±11.3       37.8±3.5     140.5±13.6   61.2±5.7     335.1±30.9   

1\~5 and 7\~9 are PGs produced in china; 6, 10, and 11 are PGs produced in Korea.

Values presented are the mean±standard deviation of triplicates.
